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RNA Helicase Participates Minireview
in the Editing Game
occurs on pre-mRNA and requires a double-stranded
(ds) RNA structure that is formed by exonic and comple-
mentary intronic sequences (Higuchi et al., 1993). In
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most transcripts undergoing A-to-I editing, the cis-act-Jahnstrasse 29
ing exon-complementary intronic sequence elementD-69120 Heidelberg
(ECS) sits in the intron downstream of the exonic se-Federal Republic of Germany
quence subject to editing (Burns et al., 1997; Seeburg
et al., 1998; Reenan et al., 2000). The dsRNA structure
is recognized by an RNA-dependent adenosine deami-Few events in gene expression are as enigmatic as RNA
naseÐseveral candidate enzymes have been molecu-editing by site-selective conversion of adenosine to ino-
larly characterized in mammals and invertebrates (Basssine (A-to-I) (Rueter and Emeson, 1998), which changes
et al., 1997)Ðwhich features dsRNA binding domains incodons in gene transcripts and hence protein function
addition to its enzymatic domain. After binding to the(see Figure 1). Only a handful of transcripts are known
dsRNA, the enzyme deaminates one or a few adenosineto undergo this type of editing. The first identified genes
residues in select positions. Following editing, the intronwhose transcripts are A-to-I edited were five ionotropic
that participated in forming the dsRNA structure is re-glutamate receptor genes expressed in the mammalian
moved from the pre-mRNA.brain (Seeburg et al., 1998). These genes encode sub-
Aside from evolutionary considerations, numerousunits of glutamate-gated ion channels, and site-selec-
mechanistic questions remain unanswered with respecttive editing alters ion permeation and gating properties
to site-selective RNA editing by A-to-I conversion. Givenof the receptor channels. Other mammalian genes giving
that each editing site is part of a unique sequence and,rise to edited transcripts encode the serotonin 5-HT2C
hence, that the dsRNA structure formed with intron par-receptor (Burns et al., 1997) and the putative RNA editing
ticipation is unique for each edited transcript, how isenzyme ADAR2 (Rueter et al., 1999). As to invertebrate
the observed site selectivity achieved? Such specificitytranscripts with A-to-I substitutions, one codes for a
is unlikely to result from dedicating a different editingvoltage-dependent K1 channel (Kv2) in squid (Patton et
enzyme for each siteÐonly two candidate enzymes haveal., 1997) and one, the product of the Drosophila para
been characterized in mammalsÐbut arises more likelylocus, encodes the a subunit of a voltage-gated Na1
from additional features contributed by interplay with,channel (Reenan et al., 2000). The examples of edited
e.g., spliceosome components (see below). Definingtranscripts are admittedly few!
features for site-selective RNA editing beyond an ex-Unfortunately, there is no basis for predicting just how
tended, imperfect dsRNA would also be predicted by themany RNAs are edited in any given species, nor is it
fact that all RNAs can be software-folded into imperfectknown how physiologically significant the editing events
dsRNA structures and yet, only a negligibly small frac-are. It is perhaps revealing that nearly all genes found to
tion of these is A-to-I edited in vivo.give rise to edited transcripts are expressed in nervous
Theoretical considerations as well as new experimen-tissue and encode ion channels and neurotransmitter
tal evidence (Reenan et al., 2000) link editing, alongreceptors. In these molecular machines, single amino
with its site selectivity and efficiency, to splicing. First,acid substitutions can induce subtle property changes
splicing must follow editing because the intronic ECS
to adjust response characteristics to altered functional
sequence acquires a cis-acting role in editing. Thus,
requirements, for instance during development. It thus
splicing of the ECS-containing intron may be artificially
appears that site-selective RNA editing by A-to-I substi- slowed down relative to that of other introns to allow
tution has evolved to permit fine tuning of certain neuro- for site-selective editing before intron removal. Indeed,
physiological processes, and hence failure to edit partic- the predicted dsRNA structures required for editing ap-
ular sites may not engender a discernible phenotype. pear unfavorable for intron removal, given that a 59 splice
However, in the best-studied example, that of Q/R site site is engaged in the predicted dsRNA structures of
editing of transcripts encoding the AMPA receptor sub- most edited pre-mRNAs and, hence, cannot interact
unit GluR-B, premature death is caused in mice when with small nuclear ribonucleoprotein particles (Reyes
the Q/R site, a molecular determinant for single-channel et al., 1996) to initiate intron removal by spliceosome
conductance and Ca21 permeability (Seeburg et al., assembly (Lamond, 1993).
1998), remains unedited (Brusa et al., 1995). Substituting Whether the site selectivity of A-to-I RNA editing rests
in the GluR-B gene the unedited codon CAG with the in part on the interaction with the splicing machinery
edited codon CGG has no apparent phenotypic conse- remains to be determined. However, that the dsRNA
quence on the gene-manipulated mouse (Kask et al., structure for RNA editing needs to be resolved for effi-
1998). Thus, the Q/R site±unedited form of GluR-B ap- cient splicing has now been revealed from genetic evi-
pears not to be needed, and one wonders from an evolu- dence (Reenan et al., 2000), which indicates that the
tionary point of view why the GluR-B gene does not dsRNA structure in a newly identified edited pre-mRNA
specify the edited version on the exon sequence. needs unwinding for correct intron removal. Puzzling
A-to-I editing is a nuclear process (see Figure 1). It genetic findings in Drosophila have for some time linked
a particular mutation in an ATP-dependent RNA helicase
gene to the reduced expression of a voltage-gated Na1* E-mail: seeburg@otto.mpimf-heidelberg.mpg.de.
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genes on the single X chromosome of male flies need to
be twice as actively transcribed. All mle loss-of-function
mutations are male-specific lethals. However, napts (no
action potential, temperature sensitive), a recessive
gain-of-function mutation in mle (Kernan et al., 1991),
is not. Instead, homozygous mlenapts flies of both sexes
show decreased expression of the Na1 channel en-
coded by the para locus (Loughney et al., 1989). This and
the observation that MLE is well expressed in females
indicates that MLE has regulatory activities besides sex-
specific dosage compensation. One of these activities,
to facilitate splicing after RNA editing, appears now to
have been revealed.
Reenan et al. (2000) first demonstrate that para tran-
scripts are edited in three adenosine positions in an
exon that encodes the S1 segment of the third channel
repeat (the a subunit has four channel repeats, each
featuring six transmembrane regions, termed S1 to S6).
Two of the three A-to-I conversions change codons and
hence, amino acids in the Na1 channel. Editing of these
positions also occurs in other Drosophila species that
are evolutionarily quite distant, indicating a good mea-
sure of functional significance for the editing of this Na1
channel, although just what the significance is remains
to be elucidated. Reenan and colleagues (2000) find the
cis-acting intronic ECS element, a defining feature of
A-to-I editing (Higuchi et al., 1993), in the intron down-
stream of the IIIS1 exon, in both Drosophila melanogas-
ter and virilis, even though the remainder of that intronic
sequence is otherwise little conserved. Moreover, use
of a transgene in Drosophila in the form of a minigene
comprised of the IIIS1 exon and the downstream intron
up to and including the ECS demonstrated that all se-
quences necessary to obtain correct editing of minigene
Figure 1. Salient Features of Site-Selective A-to-I RNA Editing in
transcripts in the fly were contained on this minigene.Primary Transcripts
The authors then turned to the question of why the
The exonic editing site in the pre-mRNA is indicated by A (adenosine)
para locus is underexpressed in Drosophila homozy-and, after editing, by I (inosine). Exons are indicated by yellow boxes
gous for mlenapts. Transcript analysis revealed that theand introns by a line. The intron 39 to the exon contains the cis-
majority of para transcripts are aberrantly spliced in thisacting ECS element, which, complementary to the sequence around
the exonic editing site, forms with it a double-stranded (ds) RNA mutant, with all incorrectly spliced transcripts lacking
structure, which is usually extended by inverted repeats in the intron at least the edited exon. Moreover, the ,20% full-length
(not illustrated). The dsRNA is recognized by the RNA-dependent para transcripts are underedited relative to wild type.
adenosine deaminase that substitutes the particular adenosine resi- Therefore, the mutated RNA helicase causes a ªsplicing
due for inosine. After editing, the dsRNA is resolved by an ATP-
catastrophe,º as the authors phrase it. The most parsi-dependent RNA helicase to allow for initiation of splicing (green
monious explanation of the defects arising as a conse-arrowhead). In case of failure to unwind the dsRNA, the 59 splice
quence of the mlenapts mutation is that the mutated heli-site (GU) engaged in it may not be accessible (red bar) to small
nuclear ribonucleoprotein particles (snRNPs), leading to aberrant case binds to the dsRNA structure in para transcripts
splicing, as shown by Reenan et al. (2000) for para transcripts in but cannot unwind it, and may therefore block access
Drosophila mlenapts mutants. by the splicing machinery to the 59 splice site engaged
in dsRNA formation.
It is intriguing that null alleles for mle or heterozygosity
channel. The intriguing solution to this puzzle, reported for mlenapts do not engender a problem with para gene
by Reenan et al. (2000), identifies the RNA helicase as expression. Thus, the possibility remains that Mle is not
a player in an important event between editing and splic- normally involved in unwinding the dsRNA structure in
ing of the Na1 channel transcripts. para transcripts and that the product of the mlenapts locus
Mle (short for maleless; Kuroda et al., 1991), a member binds to para transcripts by gain of function. However,
of the DEAH-box family of RNA helicases (Luking et since Mle contains two dsRNA binding domains in its
al., 1998), the human ortholog of which has also been N-terminal region (Gibson and Thompson, 1994), and
characterized (Lee and Hurwitz, 1993), is the product of since other members of the DEAH-box family of RNA
one of few autosomal genes that are essential for dos- helicases interact with the spliceosome (Schwer and
age compensation of gene expression from the X chro- Guthrie, 1991), Mle may normally act on para transcripts.
mosome in the male fly. Since in female flies both X Upon Mle deficiency, other DEAH-box helicases inter-
chromosomes are transcribedÐdifferent from, e.g., acting with the splicing machinery may unwind the
dsRNA structure essential for editing of para transcripts.mammals, in which one is largely inactivatedÐmost
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However, the napts mutation in Mle does not interfere
with binding to the dsRNA structure, but may prevent
the productive release of MLE from the dsRNA, thereby
blocking the subsequent splicing event. Clearly, the mo-
lecular nature of the napts mutation needs elucidating
to explain why mlenapts leads to aberrant para transcript
splicing but still functions in sex-specific dosage com-
pensation. One would also like to know the role of Mle
in dosage compensation.
The study by Reenan et al. (2000) has put into sharp
focus the nature of molecular events interposed be-
tween editing and splicing. Now that a new player in
the editing game has been found, curiosity is directed
toward possible protein±protein interactions in addition
to the known protein±RNA interactions that govern edit-
ing. Is there an editosome, what are its components,
and what interplay occurs between editing and splicing?
Finally, to assess the physiological importance of RNA
editing for the organism, the effect of null alleles for the
editing enzymes need to be studied, in Drosophila and
mouse.
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